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humans	have	 constructed	 and	 adapted	 the	 climatic	 niche	of	 animal	 production	 to	
manage	their	domestic	animals	across	increasingly	diverse	ecological	conditions.	By	
incorporating	ecological	analysis	into	estimations	of	past	land	use,	our	methods	have	
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1  | INTRODUC TION
The	expansion	of	pasture	and	 the	effects	of	animal	husbandry	on	
Earth	 have	 received	 increased	 recognition	 over	 recent	 decades	
(Phelps	 &	 Kaplan,	 2017:	 e.g.	 Asner,	 Elmore,	 Olander,	 Martin,	 &	
Harris,	 2004,	 Foley	 et	 al.,	 2005,	Vitousek,	Mooney,	 Lubchenco,	&	
Melillo,	1997).	However,	little	attention	has	been	given	to	the	repre‐
sentation	of	prehistoric	animal	production	in	land	use	and	land	cover	
reconstructions,	 despite	 archaeological	 evidence	 that	 pastoralism	
was	 important	 and	 expansive	 throughout	 the	Holocene	 (Figure	 1,	
Supporting	 Information	 Figure	 S1).	 Relatively	 few	 anthropogenic	
land	 cover	 change	datasets	 account	 for	 pasture	 or	 rangeland	 (e.g.	

















production	 has	 changed	 dramatically	 in	 time	 and	 space	 (Figure	 1,	
Supporting	 Information	Figure	S1).	From	c.	9000–7000	BP,	during	
the	African	Humid	Period	(AHP),	domestic	animals	spread	through‐
out	 northern	 Africa	 (e.g.	 Kröpelin	 et	 al.,	 2008;	 Shanahan	 et	 al.,	
2015).	By	c.	5000	BP,	 the	end	of	 the	AHP	and	aridification	of	 the	
Sahara	 prompted	 a	 further	 southward	 spread.	Over	 the	 following	
millennia	the	expansion	of	animal	husbandry	was	patchy,	occurring	
in	mosaics	 (Crowther,	Prendergast,	Fuller,	&	Boivin,	2018)	or	mul‐
tiple	 events	 (Fuller	 et	 al.,	 2011;	 Gifford‐Gonzalez,	 2000;	 Hanotte	
et	al.,	2002;	Sadr,	2015)	that	often	preceded	the	arrival	of	cultiva‐
tion	(Dunne	et	al.,	2012;	Lane,	2013;	Marshall	&	Hildebrand,	2002;	
Prendergast,	 2011).	 This	 latitudinal	 trend	 is	 well	 established,	 and	
thought	 to	be	driven	by	climatic	 changes	or	adaptation	 to	disease	
(Kuper	 &	 Kröpelin,	 2006;	 Manning	 &	 Timpson,	 2014;	 Marshall,	
2000),	 including	trypanosomiasis	(e.g.	through	dwarfing,	tick	resis‐




sive,	 underlying	 ecology	 of	 domestic	 animal	 expansion	 (di	 Lernia,	
2013;	Manning	&	Timpson,	2014).













pirically	 investigated.	 Furthermore,	 we	 accounted	 for	 taphonomic	
and	 sampling	 biases	 in	 the	 archaeological	 record	 by	 utilizing	 both	
the	proportion	of	domestic	and	wild	animal	remains	at	all	sites	as	our	






The	 relationship	 between	 climate	 and	 the	 spread	 of	 domestic	
animals	 on	 the	 African	 continent	 has	 been	 widely	 discussed	 (e.g.	
Kuper	&	Kröpelin,	2006;	Marshall	&	Hildebrand,	2002;	Smith,	1992).	








new	 geographic	 area.	 The	 relationship	 between	 geographic	 range	
and	climatic	niche	breadth	 is	highly	variable,	with	studies	showing	
that	both	positive	 and	negative	 correlations	 are	possible	 (Gregory	
the	potential	to	improve	reconstructions	of	land	use	change,	and	to	provide	a	founda‐
tion	on	which	further	niche	construction	hypotheses	may	be	tested.


















which	 is	 traditionally	 inferred	 from	field	observations	 (Holt,	2009)	










et	 al.,	 2013;	Pearman,	Guisan,	Broennimann,	&	Randin,	 2008)	 has	
been	 widely	 acknowledged	 and	 addressed	 (e.g.	 Espíndola	 et	 al.,	
2012;	Maiorano	 et	 al.,	 2013;	Veloz,	Williams,	Blois,	Otto‐Bliesner,	
&	Liu,	2012).
F I G U R E  1  Faunal	assemblages	utilized	in	this	study,	generated	with	kernel	density	estimation	of	the	number	of	identified	specimens	
and	chronological	uncertainties.	Individual	sites	are	indicated	by	a	small	white	dot.	Outliers	were	not	excluded.	These	illustrations	are	not	
intended	to	depict	the	distribution	of	land	use	in	space	and	time	(also	see	Supporting	Information	Figure	S1	and	Movies	S1,	S2)
F I G U R E  2  Domestic	animals	on	the	African	continent	(illustrations	are	not	intended	to	represent	animal	breeds).	For	more	detail,	see	
Supporting	Information	(section:	“Domestic	animals	in	Africa”)








Petitpierre	 et	 al.,	 2012;	 Tingley,	 Vallinoto,	 Sequeira,	 &	 Kearney,	
2014).	 Traditional	 species	 distribution	 models	 (SDMs),	 which	 are	
typically	 calibrated	with	modern	data	 and	projected	 into	 space	or	
time	 (Guisan	 et	 al.,	 2017:	 chapters	 1	 &	 5),	 can	 lead	 to	 significant	
inaccuracies	when	applied	 to	a	species	with	a	 labile	 realized	niche	
(Broennimann	et	al.,	2007;	Holt,	2009).	This	bias	has	been	consis‐












Laland,	 &	 Feldman,	 2003;	 Smith,	 2007).	 Niche	 construction	 theory	





Zeder,	 2013).	A	number	of	 studies	have	used	archaeological	 and	pa‐
laeoecological	data	 to	demonstrate	anthropogenic	niche	construction	
processes	 (Boivin	 et	 al.,	 2016).	 For	 example,	 extensive	 research	doc‐
uments	genetic	and	genomic	variations	associated	with	the	spread	of	













We	 derived	 domestic	 and	 wild	 animal	 occurrence	 records	 from	
dated	faunal	remains	in	the	archaeological	record	from	9000	to	500	
BP	 (Phelps	 et	 al.,	 2019:	 https	://doi.panga	ea.de/10.1594/PANGA	
EA.904942;	 Supporting	 Information	 Figure	 S2;	 data	 sources	 are	
listed	 in	the	Appendix),	and	sorted	them	into	three	animal	groups:	
domestic	 species	 (see	 Figure	 2);	 hunted	 species	 from	 the	 families	
Bovidae,	Equidae,	Suidae,	Cervidae	and	Giraffidae	 (wild	 terrestrial	
ungulates);	and	the	triad	of	cattle,	sheep	and	goats.	We	included	only	
wild	 terrestrial	 ungulates	 in	 the	 hunted	 group	because	 these	 pro‐
vide	the	closest	comparison	with	domestic	ungulates	(as	in	Rowan,	









Assigning	 a	 date	 range	 to	 each	 archaeological	 assemblage	 re‐
quired	 the	 incorporation	 of	 substantial	 chronological	 uncertainty.	
We	 first	 constructed	 a	 date	 probability	 distribution	 for	 each	 ar‐
chaeological	 assemblage:	 where	 radiocarbon	 dates	 were	 available	


















We	 took	 an	 inclusive	 approach	 to	 the	 available	 radiocarbon	
and	faunal	data	 in	order	to	 investigate	the	most	probable	changes	
in	 the	climatic	niche	of	animal	production;	 therefore,	we	have	not	
attempted	 to	exclude	outliers	or	 radiocarbon	dates	with	 large	un‐
certainties.	This	means	 that	 some	occurrence	 records	are	 likely	 to	




tions	 do	 not	 precisely	 reflect	 the	 first	 securely	 dated	 geographic	
arrivals	 of	 domestic	 animals,	 the	 goal	 of	 this	 study	 is	 to	 predict	
broad‐scale	 changes	 in	 the	 climatic	 niche	 of	 domestic	 animals.	
Therefore,	these	methods	are	most	suitable	because	they	maximize	
the	use	of	all	available	data,	and	are	unlikely	to	be	strongly	affected	
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by	outliers	because	 they	 are	density‐based.	 In	 this	 sense,	we	also	
avoid	 interpretation	bias	and	can	challenge	existing	notions	about	





We	 tested	 three	 versions	 of	 occurrence	 records.	 Version	 one,	
‘1occ’,	 is	unweighted	and	 includes	only	one	occurrence	 record	per	
assemblage	 for	each	 time	 interval.	Version	 two,	 ‘date’,	 is	weighted	
by	the	probability	of	occurrence	in	each	time	interval.	We	repeated	
each	occurrence	 record	100	times,	and	distributed	 replications	on	
the	 basis	 of	 the	 probability	 that	 they	 occurred	 within	 each	 time	


























Modelling	 Intercomparison	 Project)	 /	 CMIP5	 (Coupled	 Model	














the	 nine	 corresponding	 present‐day	 WorldClim	 variables	 (upscaled	
to	2.5	×	2.5)	and	TraCE‐21ka	variables	at	AD	1970	 (bias	corrected).	
To	 validate	 our	 results,	we	 also	 obtained	 palaeoclimate	 information	
at	10‐min	resolution	for	nine	additional	general	circulation	models	at	
6000	BP	 [upscaled	 to	2.5	×	2.5,	 Supporting	 Information	Figure	S4a	
(Hijmans,	Cameron,	Parra,	Jones,	&	Jarvis,	2005)].
2.1 | Quantifying trends in the climatic land 
use niche
To	 quantify	 temporal	 changes	 in	 our	 climatic	 land	 use	 niches,	








ponents	 analysis	 (PCA),	 calibrated	 with	 the	 climate	 space	 of	 the	
entire	 study	 area	 (background	 climate:	 Broennimann	 et	 al.,	 2012),	
pooled	 across	 all	 18	 time	 periods.	 Second,	 for	 each	 time	 interval,	
we	calculated	 the	 scores	of	 the	corresponding	 faunal	occurrences	
and	their	density	of	occurrence,	weighted	by	the	climate	availabil‐
ity	 in	 PCA	 space	 (modified	 from	 PCA‐env	 in	 Broennimann	 et	 al.,	
2012).	Third,	we	used	niche	dynamics	metrics	(Db and Dd,	which	are	
based	 on	 Schoener’s	D)	 to	measure	 the	 overlap	 between	 climatic	
land	use	niches	at	each	500‐year	 interval	and	 their	corresponding	
background	climates	(i.e.	the	portion	of	the	African	climate	in	which	
the	animals	occurred),	 and	 the	overlap	between	 the	domestic	and	
hunted	(wild)	animal	niches	(e.g.	see	Broennimann	et	al.,	2012).
The Dd metric—the	 classic	D	 metric	 (Broennimann	 et	 al.,	 2012;	
Warren,	Glor,	&	Turelli,	2008)—is	based	on	the	ratio	of	occurrence	den‐
sity	 to	 the	density	of	 available	environmental	 conditions.	Therefore,	
Dd	 is	 highly	 dependent	 on	 how	 the	 background	 climate	 is	 defined,	
or	the	extent	of	the	background	climate.	Conversely,	Db,	a	modified	
D	metric,	is	based	on	binary	representation	of	niches	[i.e.	pixels	take	
value	of	0	 if	 the	density	of	occurrence	 is	0,	or	 the	value	of	1	 if	 the	
density	is	higher;	see	‘niche	stability’	calculations	(Di	Cola	et	al.,	2017;	
Guisan	 et	 al.,	 2014)]	 and	 is	 independent	 of	 the	 background	 extent,	
meaning	 that	 information	about	occurrence	densities	 is	 lost,	 and	all	








After	 calculating	Dd and Db	 values,	we	 tested	whether	 the	 ob‐
served	 broadening	 of	 the	 climatic	 niche	 of	 domestic	 animals	 was	
statistically	significant	 through	time	 (Figure	3),	and	whether	 it	could	













in	R	 (Di	Cola	et	 al.,	 2017;	R	Core	Team,	2018),	 and	plotted	metrics	
with	 Python	 (Python	 Software	 Foundation,	 2018).	 To	 test	 the	 ro‐
bustness	of	our	results,	we	performed	supplementary	analyses	using	
principal	 components	 analysis	 of	 occurrence	 records	 (PCA‐occ;	 see	
Broennimann	 et	 al.,	 2012),	 where	 D	 values	 were	 calculated	 as	 the	
proportion	of	the	pooled	animal	niche	rather	than	the	proportion	of	
the	 background	 climate	 information	 (PCA‐env).	We	 also	 performed	
















D	 values	 increased	 from	 past	 to	 present	 for	 the	 climatic	 niche	 of	
domestic	animals,	unlike	that	of	wild	animals	(Figure	3a,	Supporting	
Information	 Table	 S3),	 indicating	 that	 the	 climatic	 space	 used	 for	




versions	of	 occurrence	 records	 (Supporting	 Information	Table	 S3).	
















































matic	 space	within	which	 niches	were	 plotted,	measured	 and	 com‐
pared.	 Temperature	 seasonality	 and	 isothermality	 explain	 the	 vast	
majority	of	both	pooled	and	individual	time	period	variance,	although	
these	 variables	 are	 highly	 correlated	 with	 each	 other	 (Supporting	
Information	 Tables	 S1,	 S2)	 and	 with	 precipitation	 variables,	 which	
are	 underrepresented	 in	 the	 TraCE‐21ka	 simulation.	 For	 analyses	
performed	with	WorldClim	 data,	 69.5%	 of	 the	 background	 climate	




4.1 | The expanding climatic niche and niche 
construction processes
We	distinguish	the	broadening	of	the	climatic	niche	of	animal	pro‐
duction,	 which	 has	 never	 been	 explicitly	 analysed,	 from	 the	 time	



























moregulatory	 constraints)	 or	 indirectly	 (e.g.	 through	 food	 and	water	
















in	 the	 domestic	 animal	 climatic	 niche	 (c.	 4500	BP)	 occurred	 during	
the	end	of	the	AHP	(e.g.	Shanahan	et	al.,	2015),	when	both	a	strong	
reduction	in	the	cover	of	tropical	trees	and	Sahelian	grassland	cover	
and	 spatially	 extensive	 dust	 mobilization	 occurred	 (Kröpelin	 et	 al.,	
2008).	At	this	point,	animal	production	began	to	spread	substantially	
into	sub‐Saharan	Africa.	This	inference	is	consistent	with	observations	







The	 evolutionary	 processes	 leading	 to	 the	 expansion	 of	 the	
animal	production	climatic	niche	are	suggested	by	declines	 in	wild	









continent	 through	 indigenous	 development	 or	 importation,	 do‐
mestication	 is	acknowledged	as	part	of	a	continuous,	coevolution‐
ary	process	 (e.g.	Gifford‐Gonzalez	&	Hanotte,	2011).	For	example,	
several	 studies	 demonstrated	 the	 correlated	 spread	 of	 cattle	 and	
lactase	 persistence	 in	 humans	 (Gerbault	 et	 al.,	 2011;	Macholdt	 et	
al.,	2014;	Ranciaro	et	al.,	2014;	Tishkoff	et	al.,	2007);	Pérez‐Pardal	
et	 al.	 (2010)	 demonstrated	 that	 sub‐Saharan	 cattle	 are	 genetically	
distinct	 from	 other	 domestic	 populations;	 and	 there	 is	 a	 possible	
but	unproven	relationship	between	dwarfism	and	trypanotolerance	
(e.g.	Gifford‐Gonzalez	&	Hanotte,	2011;	Linseele,	2013).	In	addition,	











a	 proportional	 increase	 in	 the	 number	 of	 domestic	 and	 hunted	
assemblages	 through	 time	 (Supporting	 Information	 Figure	 S9),	we	
did	 not	 find	 a	 consistent	 temporal	 trend	 in	 the	 climatic	 niche	 of	











this	 demonstrates	 the	 adaptive	 advantage	 that	 domestic	 animals	
likely	 provided	 during	 the	 end	 of	 the	AHP,	 and	 that	 expansion	 of	
the	climatic	niche	of	domestic	animals	was	closely	associated	with	
changes	in	other	forms	of	human	subsistence.
Trends	 in	 the	 taxa	version	of	occurrence	 records	 for	hunted	an‐
imals	 suggest	 that	people	hunted	an	 increasing	variety	of	 terrestrial	
ungulates	 in	novel	climates	 (Supporting	 Information	Figure	S6:	Db R 
value	=	.56,	p	=	.021),	but	that	people	also	became	less	reliant	on	these	
diversified	 hunting	 assemblages	 through	 time	 (Dd R	 value	 =	 −.624,	
p	=	.035).	Increasing	Db	values	suggest	that	a	greater	diversity	in	ter‐
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4.2 | Assumptions, limitations and future work
One	limitation	of	our	approach	is	its	reliance	on	climate	models.	For	




nental‐scale	 intervals,	 performed	 several	 sensitivity	 analyses,	 and	
focused	on	niche	changes	>7%	of	 the	entire	African	climate	space	
and	where	 similar	 results	were	 produced	 across	 analyses.	 Further	
interpretation	of	 regional	 or	 local	 trends	 requires	data	 that	 are	of	
higher	 resolution	 and	more	 complete.	 Additionally,	 although	 tem‐




equates	with	 the	 location	of	 land	use.	However,	grazing,	browsing	
and	foraging	are	likely	to	have	extended	well	beyond	the	archaeo‐
logical	site,	or	may	not	have	occurred	where	remains	were	found.	For	




we	do	not	consider	here	 include	 rock	art,	which	has	 indicated	 the	
presence	of	herding	in	the	central	Sahara	during	past	periods	of	de‐











(2017)	 for	Africa,	 or	 those	 	 for	 Europe	 (Manning,	 2016;	Manning,	
Colledge,	Crema,	Shennan,	&	Timpson,	2016).	Our	methods	could	be	
enhanced	through	the	generation	of	 temporally	continuous	niches	
rather	 than	discrete	 time	 intervals.	Radiocarbon	date	distributions	
and	finer	resolution	land	use	changes	could	be	better	represented,	
and	 comparison	 with	 other	 types	 of	 evidence	 would	 be	 simpler.	
Additionally,	land	use	representation	may	be	enhanced	by	integrat‐
ing	process‐based	models	 (Tingley	et	 al.,	2014;	Zurell	 et	 al.,	2016)	
and	geospatial	approaches,	and	by	including	more	types	of	evidence,	
such	as	archaeobotanical	and	fossil	pollen	remains;	species‐specific	





ing	 (e.g.	Biagetti,	 2014;	Zerboni	&	Nicoll,	 2019).	 The	expansion	of	
pastoralist	 systems	 likely	was	associated	with	cultural	 adaptations	
that	 relate	 to	mobility,	 territory	 size,	 and	 social	 networks;	 further	
investigation	 into	 material	 culture	 from	 associated	 archaeological	
records	may	provide	relevant	insight.	With	these	types	of	improve‐
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